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Catalytic oxidative coupling to ethane or ethylene is an appealing, direct route to utilization of 
otherwise low value natural gas located in remote sites. Researchers have focused on oxidative 
coupling of methane for about 15 years, using metal oxide catalysts to facilitate the reaction (Z-6). 
Despite intensive efforts, the best yields to C2 hydrocarbons have been in the 20 to 30 % range, 
generally accomplished with catalysts which include an alkali metal on an alkali earth oxide, e.g., 
Li/MgO (6b). 

In an attempt to understand and overcome the source of this limitation, more fundamental catalyst 
studies and modeling have been undertaken. Labinger and Ott (7) measured kinetic rate constants and 
modeled the catalytic process for ARco's oxidative coupling catalyst, achieving good agreement with 
reactor data. Labinger in a further analysis (8) based on their model found that the C2 yield is limited 
to 30% by sequential oxidation of ethylene as methane conversion increases. Kimble and Kolts were 
also able to model the catalytic-homogeneous process for their system (9). 

The importance of the thermally-induced, homogeneous, gas-phase reactions cannot be neglected 
in any such model. Much of the recent work in oxidative coupling has explicitly recognized the fact 
that under most conditions, thermally-induced reactions account for a large fraction of products (10- 
14). In previous work (15-16). we employed a chemical kinetic model (HCT), developed at this 
Laboratory, to describe the overall homogeneous gas phase reactions of methane and oxygen. The 
HCT model can be used to describe reaction pathways and determine products for a wide variety of 
reactor types and conditions. Its application successfully predicted methane conversions and product 
distributions found experimentally for a reactor containing no catalyst In this work, we expand the 
HCT model to include proposed catalytic reaction schemes. Our purpose is to predict limits in C2 
yield, describe product trends as a function of generalized catalyst behavior and use these results as a 
guide to catalyst design. 
Gas-Phase Model 

The gas-phase chemical kinetic model used in the present study is the H(JT (Hydrodynamics, 
Chemical kinetics and Transport) model (17). This model solves the coupled equations of 
conservation of mass, momentum and energy in finite difference forn, and determines each chemical 
species concentration. For this study, the reactor is assumed to be essentially a plug flow system 
where spatial variations in velocity, temperature and species concenuations in the radial direction and 
diffusion of energy and species in the axial direction are assumed to be negligible. Spatial changes in 
species concenaation and temperature can therefore be replaced by time variations:Thus only the 
energy equation and the species conservation equations must be solved. Surface reactions at the reactor 
wall were not considered. In the numerical model, coupling between the different chemical species 
takesplace through the chemical kinetic terns, and these terms are introduced into the model through a 
detailed reaction mechanism. 

The chemical reaction mechanism used here has developed from a number of studies of methane 
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and natural gas combustion. This mechanism has been extensively validated in a series of studies 
where numerical results were compared to experimental results from static reactors, stirred reactors, 
shock tubes. flames and flow reactors (18-22). 
Inclusion of Catalytic Methane Activation 

is shown in Fig. I .  We have added reactions to the chemical kinetic mechanism to mat  the effect of 
introducing a catalyst. It is generally assumed that the effectiveness of oxidative coupling catalysts 
stems from their ability to activate methane. Thus, the first step was to determine the effect of methane 
activation alone. Considerable experimental evidence suggests that the catalyst activates methane by 
abstracting a hydrogen (2,4,6a,i,7,9,11,23,24). We have modeled this process as the global step. 

We assumed the reaction rate is given by the expression, 

The dependence of the rate on [O,la serves to turn off the catalytic reaction when the gas phase oxygen 
is depleted. An  exponent "a" of 1.0 serves this purpose satisfactorily, since we do not know the series 
of elementary reactions. Computationally, it appears that the overall reaction is not critically dependent 
on [he value of the "a" exponent. 
. A series of calculations were performed with the above "catalytic" reaction added to the gas-phase 

chemical kinetic mechanism in order to explore the effect of catalyst activity (kl) on predicted Cz yield. 

temperature and pressure were maintained at a constant 750 C and 1 atm, resp. The curve in Fig. 2 
shows the results of these calculations, where the residence time for the upper curve was optimized for 
maximum yield and the residence time for the lower curve was 10 s. The methane conversion and 
product distributions are shown in Table 1. It is predicted that for kl equal to lo7 M-Is-', the 
mnximum C2 yield is 84%. When no catalyst is present, the gas-phase reactions result i n  a C2 yield of 
a h u t  0.4% under these conditions of high dilution. The calculations indicate that the catalyst does not 
substantially affect the yield until  the catalytic methane activation rate constant reaches about 10'. The 
C2 yield reaches about 70% for a methane activation rate constant of IO7. This yield would certainly 
be adequate to justify production; obviously, either catalysts do not achieve such a high rate constant or 
they perform another function, such as oxidation. 

Although the gas-phase reactions in the absence of catalyst yield only 0.4% C2's, once the catalyst 
has generated the methyl radical, it is available for any funher reactions. At a sufficiently high level of 
c:~talyst activity, the high concenwtion of methyl radicals will drive the coupling reaction in preference 
to oxidation steps. Then at short residence times, the catalytic methane activation and gas-phase 
coupling steps will be sufficient to predict products. Thus it is of interest to know the relative 
contribution of gas-phase vs catalytic reactions to the overall conversion of methane. To determine 
these relative contributions, we integrated over time the rates of methane conversion due to the catalyst 
and to gas-phase reactions for values of k l  of IO3, IO4 and lo5. These results are shown in Fig. 3. 
As expected, the catalyst contributes virtually all of the methane conversion at early times unhl a 
sufficient radical pool is established for gas-phase reactions. A steady state conversion is reached by 
about 7 s, 0.3 s and 0.06 s for kl  of lo3, IO4 and IO5, resp. At steady state, 20%. 50% and 70% of 
the methane is converted due to catalytic action for values of k l  equal to IO3, IO4 and lo5, resp. The 

A schematic of the mechanistic pathways leading to the gas-phase oxidation of methane by oxygen 

CH4 + 114 0 2 -  CH3 + It2 H20 

Rl =k] [CH41[021a (2). 

(1). 

I The conditions considered were a 2:1 molar ratio of CH4:O2 in a 75% Ar mixture. The reactor 
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catalyst dominates methane conversion for values of the methane activation rate constant greater than 

Now we investigate the effect of moving away from our optimized residence time. The methane 
conversion and product distributions corresponding to the predicted maximum C2 yields for values of 

kl  of lo2 to lo5 are shown in Table 1. The methane conversion increases from 23.3 to 53.7%, while 
the selectivity to C2's increases from 44.5 to 67.1%. The major increase in C i s  is due to an increase 
i n  ethane from 18.7 to 41.6%. The residence times which result in maximum C2 yields decrease from 

3.4 to 0.03 s as kl  increases from lo2 to 105. Since the gas-phase coupling reaction to form ethane is 
rapid relative to dehydrogenation to ethylene, at shorter residence times, one would expect a higher 
ethandethylene split. The calculated methane conversion and product distributions at 10s residence 
time, displayed in Table 2, show that this is indeed m e .  At longer residence times, the C2 yield 
decreases slowly, the methane conversion increases, and the C2 selectivity decreases along with 
selectivity to ethane. Regardless of residence time, carbon monoxide accounts for the majority of COX 
products. 

I 04. 

Comparison of Model Predictions with Experimental Data 
Values of k and the corresponding C2 yield for catalysts known to be effective in oxidative 

coupling of methane ( 6 6 4 )  and run under similar conditions to those run for the model are also 
shown in Fig. 2 . h  calculating kl from literature data. i t  was assumed that the rate of methyl radical 
production was equal to the rate of methane conversion and was, therefore, determined from the 
experimental methane f e d  rate and the final methane conversion. The rate constant k l  was then found 
by dividing that rate by the methane and oxygen concentrations in the feed at reaction temperature. As 
shown in Fig. 2, the fit of model predictions to rate constants calculated from experimental results is 
quite good. The values of kl that we determined range from 102 to IO5, corresponding to measured 
C2 yields of 3-20%, while the model predicts C2 yields increasing from 8-35%. The methane 
activation rate constants for these coupling catalysts are too low to achieve the high C2 yields possible 
from our model calculations. Even the more active catalysts do not give C2 yields of 35%, as the 
model predicts. In fact, for methane activation rate constants of lo3 and greater, the experimental C2 
yield is fairly flat as a function of catalyst activity. Table 3 shows a selection of data for coupling 
catalysts (6b-6). The fi t  of the model to C2 yield, methane conversion and selectivity to C2's is quite 
reasonable, matching best at model residence times slightly greater than those optimized for C2 yield. 
In a few cases, the predicted ethane/ethylene split is very close to literature values, and fairly g o d  for 
the others. 

The model does not predict carbon dioxide as the only oxidation product, as is seen in the data. It 
seems likely that the carbon dioxide is produced directly by a catalytic route, bypassing the gas-phase 
reactions that would lead from ethylene to carbon monoxide. Such a catalytic process could also 
explain the cap on C2 yield observed for the coupling catalysts. 
Summary 

that only produces methyl radicals agrees reasonably well with experimental data. The model predicts 
that a methane activation catalyst with a sufficiently high rate constant, which performed no other 
function, could result in a C2 yield of at least 70%. The high methane activation rate constant is needed 

heral l ,  this simple modification of the gas-phase kinetic model to include a global catalytic step 
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to overcome gas-phase oxidation reactions. The highest methane activation rate constant determined 
from experimental data was on the order of IO5 M-Is-I, corresponding to a predicted C2 yield of 
35%. but actually yielding only about 20%. A catalytic reaction leading from ethylene to carbon 
dioxide could account both for the lowered yield and for the absence of carbon monoxide in 
experimental work. 
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Tahlel 

%CH4 %C21-14 %C2H6 %co2 
m C o n v  
n d  
10.4 23.3 44.5 25.8 18.7 51.5 3.1 
15.8 25.0 63.2 32.2 31.0 34.8 0.9 
24.7 35.1 70.2 33.4 36.8 ' 28.2 0.5 
35.1 52.3 67.1 25.5 41.6 14.6 0.1 

Tahle2 
of  Mod- = = = %C2H4 %C2H6 %co %co2 

uQ!jy 

7.5 46.4 16.1 13.2 2.9 71.9 11.6 

11.0 51.3 21.5 19.0 2.5 71.0 6.9 

17.9 51.3 31.3 27.5 3 . 8 '  64.6 3.1 
6.1 52.1 1.1 30.6 67.5 45.5 39.4 

n!ZlfLl 

Ref %C2Yield %CH4Conv %C2H4 %C2H6 %co2 
6b 19.0 37.8 50.5 31.0 19.5 0.0 49.6 

19.4 42.8 45.5 29.0 16.5 0.8 53.7 
6ci 18.6 25.9 71.8 56.2 15.6 - -  _ _  
k i i  13.2 25.8 51.3 23.4 27.9 - -  _ _  
6d 31.8 45.1 60.1 36.1 24.0 0.0 39.9 

6b. 7%Li/MgO, 4g: 720 C, 2: 1 CH4:02, 89% He Diln. 
6c. (i) 20 mol% LiCmiO (ii) 20 moI%LiOlWiO: 750 C, CH4:Oz 2 1,94% He diln., 1 g cat. 
6d. SrCeYbO, 0.6 g: 750 C, CH4:O2 2:1,80% diln with He. 
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SCHEMATIC OF REACTION PATHWAYS 
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Figure 1. Schematic of gas-phase mechanism for methane oxidation. 

lower curve: %C2 yield @1Os r.t. 
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Figure 2. Predicted and experimental C2 yields as a function of catalytic 
methane activation rate constant, kl. Conditions: 750 C, 2:l CH4:O2, 75% 
Ar dilution. 
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Figure 3. Comparison of methyl production due to catalytic and gas-phase 

reactions. a) kl =1 03. b) kl =1 04. c) kl=l 05. Units=M-ls-l. 
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